Background Conventionally, cohort studies have assessed the association between alcohol and all-cause mortality by using alcohol intake at enrolment.
Background
The adverse health effects of alcohol account for 3.8% of global deaths and 4.6% of disability-adjusted life years. 1 Despite these adverse effects, meta-analyses of cohort studies show J-shaped associations for mortality, with moderate drinkers having the lowest mortality. 2, 3 This shape results from combining contrasting effects of alcohol, 4 viz. monotonically increasing risks for outcomes such as cancer, 5 cardiomyopathy 1 and accidents and injuries, 1 and lower risks of low-dose drinking for ischaemic heart disease, 6, 7 as well as the possible classification as abstainers of individuals who gave up drinking due to poor health. 8 Most cohort studies of alcohol and mortality measured current alcohol consumption at study entry (baseline) only; few studies measured lifetime consumption. 9, 10 Alcohol consumption is likely to vary over time, 11, 12 and intake over time is likely to predict chronic outcomes better. 13 Therefore, the association between alcohol and mortality might be underor overestimated when only current intake is considered.
Similarly, current and cumulative exposure to alcohol might have different biological effects. 14 We examined associations of all-cause mortality with alcohol consumption for different periods in life (i.e. lifetime, current and past) using the Melbourne Collaborative Cohort Study (MCCS). 15 
Methods

Study population
The MCCS is a prospective cohort study of 41 514 people (58.9% women) recruited during 1990 -94 from Melbourne via electoral rolls (registration to vote is compulsory for Australian adults), advertisements and community announcements in local media. Southern European migrants were deliberately oversampled to extend the range of lifestyle factors and genetic variation. The Cancer Council Victoria's Human Research Ethics Committee approved the protocol. Participants gave written consent to participate.
We limited this analysis to participants aged 40-69 at baseline (n ¼ 194, 0.5%, ,40 years and n ¼ 131, 0.3%, 70 years excluded). We excluded the following participants: those with missing alcohol intake (n ¼ 23, 0.1%), reporting implausibly high intake (beverage specific .150 g/day or alcohol .200 g/day for any age period) (n ¼ 619, 1.5%), reporting extreme energy intake (,1st percentile and . 99th percentile) (n ¼ 807, 1.9%) or missing data for any potential confounding variable (n ¼ 163, 0.4%). After these exclusions, 23 610 women and 15 967 men remained for analysis.
Baseline interview and questionnaires
A structured interview schedule was used to obtain information on potential risk factors including age, sex, country of birth, education, household size, smoking habits, physical activity and previous medical conditions. Dietary information was collected using a food frequency questionnaire. 16 Energy intake included energy from food but excluded energy from alcoholic beverages. Body mass index was calculated from measured height and weight. Residential addresses were used to classify participants into quintiles of an area-based measure of socio-economic status. 17 
Assessment of alcohol consumption
Participants were first asked whether they had ever drunk at least 12 alcoholic drinks in a year. Those who had not were considered lifetime abstainers. Non-lifetime abstainers were then asked about usual frequency of consumption and quantity consumed per drinking occasion for beer, wine and spirits separately during 10-year age periods commencing at age 20 (e.g. for a person 54 years old, consumption was recorded separately for ages 20 -29, 30 -39, 40 -49 and current (i.e. baseline)]. The usual daily intake (g) within each age period for each beverage type was estimated by multiplying frequency by quantity and standard amount of alcohol per container. 18 Usual intake at baseline is referred to hereafter as current intake. We derived the average daily lifetime alcohol intake by dividing the total lifetime intake by the total number of days from age 20 to baseline age. 
Statistical analysis
To assess the accuracy of recalled alcohol intakes, we compared temporal changes in intake over time for participants with Australian per capita trends. 19 To estimate the proportion of the variability in lifetime alcohol intake (i.e. R 2 ) explained by consumption during each age period, we regressed average lifetime intake on current intake alone and then incorporating intake for each preceding age period separately.
Follow-up began at baseline and ended at death, date left Australia or 31 December 2008, whichever came first. Cox regression with age as the time metric 20 was performed to estimate hazard ratios (HR) and 95% confidence intervals (CI) for usual lifetime, current and maximum past (using maximum intake reported for a past age decade) intake compared with abstention, separately for men and women. We used intake categories of 0 (abstainer), .0 -9, 10 -19, 20 -39 and 40 g/day for women, and 0 (abstainer), .0-9, 10 -19, 20-39, 40 -59, 60-79 and 80 g/day for men. To assess non-linearity of dose-response relationships, alcohol intake was modelled as a continuous variable. Likelihood ratio tests were used to compare models with alcohol as a linear term versus models containing restricted cubic splines (four knots for men and three knots for women). 21 We also estimated HRs for intake over time by comparing current intake and intake at age 20 -29. This analysis was limited to participants aged 50-69 at baseline to make the period of time over which change was assessed more homogenous.
We adjusted for country of birth (Australia/New Zealand, UK, Italy and Greece), education ( primary school, some high/technical school, completed high/technical school and completed degree/diploma), socio-economic status (quintiles ranging from most to least disadvantaged), household size (living alone, 2, 3-4 and 5), smoking (never, former and current), fruit intake (0 -1, 2 -3, 4 -5 and 6 times per day), vegetable intake (0 -2, 3 -4, 5 -6 and 7 times per day), physical activity (none, low, moderate and high), energy from food (continuous), saturated fat (continuous) and body mass index (continuous).
To assess whether age at baseline, country of birth, smoking and pre-existing illness (angina, myocardial infarction, stroke, cancer and diabetes mellitus) modified the dose-response relationship for lifetime intake, we fitted interactions between these variables and lifetime intake, modelled using splines.
We examined models for outliers and influential points. 22 Tests based on Schoenfeld residuals 23 showed no evidence that proportional hazard assumptions were violated. We compared nested models using the likelihood ratio test 24 and non-nested models using the Akaike information criterion (AIC). 25 All statistical tests were two sided, and all P-values ,0.05 were considered statistically significant. All statistical analyses were performed using Stata 12.1 (StataCorp, College Station, TX, USA).
Results
Of the men, 2294 (14.4%) were lifetime abstainers, 14.9% reported an average lifetime intake of 40 g/day and the median lifetime intake was 14.2 g/day (Table 1 ). More women (9186, 38.9%) were lifetime abstainers, 7.4% reported an average lifetime intake of 20 g/day and the median lifetime intake was 1.4 g/day. Italian-born men drank more and Greek-born men less compared with men overall while women born in southern Europe drank markedly less than other women. Women also drank more with increasing educational attainment. A higher proportion of never smokers were ALCOHOL CONSUMPTION OVER TIME AND MORTALITY lifetime abstainers while ever smokers had a higher proportion of heavier drinkers. Participants' alcohol intake increased from 1960 to 1980 and then declined, corresponding well with national trends, although the reported intake was about half of that for the Australian population (see Supplementary data, Fig. S1 ). Current intake accounted for 46% of the variability in lifetime intake (R 2 ¼ 0.46) for both sexes combined. Adding intake separately for the age periods 20-29, 30-39 and 40-49 increased the proportion explained to 0.85, 0.89 and 0.74, respectively.
During an average follow-up of 15 years per person, 4639 participants died (2556 men; 2083 women), giving mortality rates of 10.9/1000 person-years for men and 5.8 for women. For men, there were J-shaped relationships for the HRs for lifetime, current and maximum past consumption (all P , 0.001 for likelihood ratio tests comparing linear models and splines). For lifetime consumption, intakes ,40 g/day had HRs less than one, with the lowest, 0.82 (95% CI ¼ 0.73 -0.93), for an intake of 13 g/day (Fig. 1A) . From the categorical analysis, there was a 13-19% lower mortality rate for lifetime intakes of .0 -39 g/day and a 46% higher mortality rate for consumption of 80 g/day, compared with lifetime abstention (Table 2 ). Similar patterns were seen for current and maximum past intake, although the HRs (1.27 and 1.26 for current and past intakes, respectively) for the highest level of consumption were lower than for lifetime consumption. Lifetime intake (AIC ¼ 43 206) gave a slightly better fit to the data than maximum past (AIC ¼ 43 208) and current (AIC ¼ 43 229) intakes.
J-shaped curves were also observed for women for lifetime, current and maximum past alcohol intakes (P ¼ 0.01, ,0.01 and ,0.01, respectively, for linear models versus splines) with a lower mortality rate up to 8 g/day (HR ¼ 0.89, 95% CI ¼ 0.79 -0.99) and a higher mortality rate above 25 g/day using average lifetime intake (Fig. 1B) . From the categorical analysis, the mortality rate for a lifetime intake of .0-9 g/day was 15% lower than for abstention while it was slightly elevated for the highest intake category (40 g/day), compared with lifetime abstention (Table 3 ). The models using lifetime intake and maximum past intake (AIC ¼ 36 745 for each) gave slightly better fits than the model using current intake (AIC ¼ 36 746).
When split at the median age at baseline (55 or less and .55 years), there was no evidence of interactions with age for lifetime alcohol intake for men (P ¼ 0.10) or for women (P ¼ 0.51). There was no evidence of interactions for lifetime alcohol intake with country of birth (P ¼ 0.93 for men, P ¼ 0.91 for women) or with smoking (P ¼ 0.79 for men, P ¼ 0.49 for women). The HR for an intake of 80 g/day was 1.77 for men without a past illness and 1.03 for men with past illness (see Supplementary data, Table S2 ), but the interaction was not significant (P ¼ 0.19). The associations for women with or without past illness were similar (see Supplementary data, Table S2 , interaction P ¼ 0.28).
Next, we compared current intake with intake from age 20-29 for participants aged 50 -69 at baseline. Most men who abstained in their 20s were still abstainers at baseline and of those consuming ,20 g/day in their 20s, about half continued to drink at that level and 20% increased their intake to 20 -39 g/day (see Supplementary data, Table S1 ). Of those drinking 80 g/day in their 20s, about a quarter quit and another quarter were consuming ,20 g/day by baseline and only 10% were still drinking 80 g/day (see Supplementary data, Table S1 ). Women drank less and had less variation over time (see Supplementary data, Table S1 ). For example, more than two-thirds of the women who abstained in their 20s remained abstainers and two-thirds who drank .0-19 g/day in their 20s continued to drink that amount (see Supplementary data, Table S1 ). Of those consuming 40 g/day in their 20s, about a quarter had quit by baseline, a third were drinking ,20 g/day and a quarter were still drinking 40 g/day. Therefore, the association between the pattern of intake over time and mortality is reported here only for men.
The intake pattern was defined as 'consistent abstainer' (abstainer at age 20-29/abstainer at baseline age) (reference category), 'starter' (abstainer/.0 g/day), 'light quitter' (.0-39/ abstainer), 'heavy quitter' (40/abstainer), 'consistent lightto-moderate drinker' (.0-39/.0-39), 'consistent moderateto-heavy drinker' (40-79/40), 'consistent heavy drinker' (80/40) and 'varying drinker' (.0-39/40 and 40/.0-39). Light-to-moderate drinkers had the lowest mortality while consistent heavy drinkers had the highest mortality (Table 4 ). Heavy quitters also had high mortality.
Discussion
Main findings of this study Usual lifetime, current and past alcohol intake showed consistent J-shaped relationships with all-cause mortality: lower mortality at low levels of intake and elevated mortality at ALCOHOL CONSUMPTION OVER TIME AND MORTALITY higher levels of drinking. For men, the model using average lifetime intake gave a better fit to the data than models using current or maximum past intake. For women, all models gave similar fits. Men who consistently drank small amounts over their adult life had the lowest mortality rates, and those who consistently consumed alcohol at high levels had the highest mortality rates, while men who drank 40 g/day in their 20s but then quit also had an elevated mortality rate. Adjusted for age (time metric), country of birth, education, socio-economic status, household size, smoking, fruit and vegetable consumption, physical activity, body mass index, saturated fat and energy intake from food. 
What is already known on this topic
Meta-analyses of cohort studies that measured current alcohol intake only also show a J-shaped relationship between mortality and alcohol consumption with sex-specific thresholds: e.g. a significant mortality risk reduction up to 20 g/day for men and up to 10 g/day for women by English et al. 2 and up to 40 g/day for men and up to 20 g/day for women by Di Castelnuovo et al. 3 The present analysis adds to the existing literature by estimating mortality HR, first by using usual alcohol intake for different periods in life comparing lifetime, current and past intake, and then by using data on consumption from early adulthood and midlife. When intake was averaged, even for several decades, the shape of the relationship with mortality remained consistent with that for current intake. More importantly, the analysis of consumption over time highlighted the potential risks of persistent drinking at high levels. Our results are comparable to the findings of the European Prospective Investigation into Cancer and Nutrition where the authors reported a lower overall mortality risk for men and women with a lifetime alcohol intake below the recommended levels (12 g/day for women and 24 g/ day for men) and a higher risk for heavy past or consistent drinking, compared with light drinking. 10 The lower risk for low levels of drinking is thought to be primarily due to a beneficial effect of alcohol on cardiovascular health, and hence, the benefit will depend on the importance of ischaemic heart disease in the population. 4 This is mediated through increasing in high-density lipoproteins, inhibiting platelet activation, reducing fibrinogen levels and producing anti-inflammatory cytokines. 26 -28 Moderate alcohol intake has also been linked with reduced risk of type 2 diabetes, mediated via enhanced insulin sensitivity, 29 and the production of metabolites such as acetaldehyde and acetate by ethanol oxidation. 30 The adverse effects of heavy drinking are largely due to non-cardiovascular as well as certain cardiovascular causes of deaths. 10 Alcohol is a carcinogen, and the process of carcinogenesis due to chronic exposure to alcohol is probably mediated via polymorphisms in genes that encode enzymes responsible for ethanol metabolism, increased oestrogen production and changes in folate metabolism and in DNA repair. 5 Heavy drinking is also a major cause of injury. 1 Adverse effects of alcohol on the heart include detrimental effects on blood pressure, fibrinolytic factors and ventricular arrhythmias. 26 
Strengths and limitations of this study
The main strength is the availability of alcohol intakes for different periods in life. Current alcohol intake might only account for only 10 -25% of the variability in lifetime consumption 13 and is more highly correlated with acute alcohol effects, whereas lifetime drinking measures are believed to yield a closer approximation of a theorized lifetime cumulative exposure. 31 In our cohort, current intake accounted for nearly half the lifetime variability, which was not surprising considering that 29% of the participants were lifetime abstainers. However, adding intake for a single past age period markedly increased the proportion of variability in lifetime intake explained. Other strengths of the study include almost complete follow-up of participants and information on several potential confounding variables.
Our measurement of alcohol consumption is likely to have substantial error. First, respondents had to summarize their frequency and quantity of alcohol intake for 10-year age intervals into single 'usual' values. 32 Second, present intake might have influenced recall of past intake, whereas when measuring intake prospectively, this issue does not arise. Third, alcohol consumption is usually under-reported. 33, 34 The matching trends in per capita alcohol intake for MCCS and the general Australian population established the relative accuracy of recalled alcohol data used in the present analysis. The lower volume of intake for MCCS participants compared with the national per caput intake could be due to under-reporting, but also to the large number of participants of southern European origin, who reported low intake, especially women. Fourth, alcohol consumption could have changed after the baseline assessment, as intake is known to vary with age. 35 This also applies to other covariates. For example, heavier alcohol consumption has been linked to lower success in smoking cessation and greater likelihood of relapse for ex-smokers. 36 Systematic misclassification occurs when ex-drinkers are included in the referent abstainer category, as would be the case if current intake were the only measure of intake and if current non-drinkers were the reference category. 8 The higher mortality risk for men who drank 40 g/day in their 20s but then quit provides further evidence that including 'sick quitters' in the reference category would overestimate any protective effect of low levels of consumption. Similarly, personal characteristics and life circumstances may have a role in determining patterns in drinking over time, and mortality risks for drinking over time need to be interpreted accordingly. 37 Despite adjusting for several potential confounding factors, residual confounding is possible. We did not adjust for covariates that might mediate the association between mortality and alcohol, such as serum lipids. 38 We adjusted for smoking although not all agree that this should be done. 39 Age, country of birth and smoking were not effect modifiers, and the results should be widely applicable to populations with similar drinking patterns and similar mortality experience.
What this study adds
Our findings support existing evidence that low levels of usual alcohol consumption for middle-aged men (,40 g/day using lifetime intake) and women (,10 g/day using lifetime intake) are associated with reduced mortality.
10,40 -42 Our results using intake over time for men also point to a higher mortality risk for consistent heavy alcohol consumption from early adulthood. It is beyond our scope to examine whether 'low-risk' drinking guidelines should be based primarily on the risk of mortality but if that is to be the case 43 then they may need to take into account the adverse effects of cumulative exposure to alcohol from a young age.
Supplementary data
Supplementary data are available at PUBMED online.
